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A series of cobalt-doped bismuth molybdates were synthesized and investigated using X-ray powder
diffraction, transmission electron microscopy and impedance spectroscopy. The ranges of solid solution
were determined. Two new compounds, Bi1−xCox[Bi12O14]Mo5O34.57δ (x¼0.2) and Bi[Bi12O14]
Mo5−yCoyO34.57δ (y¼0.2), which crystallise in monoclinic unit cells have been examined in detail by
diffraction methods. Impedance spectroscopy measurements show that the studied materials are good
ionic conductors with conductivity values about 510−3 S cm−1 at 973 K and 1.710−4 S cm−1 at
623 K, which are similar to conductivity values of yttrium substituted zirconia and (YSZ) gadolinium
doped ceria (CGO).
& 2013 Elsevier Inc. All rights reserved.1. Introduction
The unique properties of the Bi+3 ion (high polarisability, ability
to form both symmetric and very asymmetric coordinations,
electrochemical activity) give rise to a variety of structures and
features of bismuth-based materials. Bi2O3–MoO3 is one of the
most widely studied bismuth oxide systems [1–5] due to the
exclusive selective catalytic properties of bismuth molybdenum
oxides [6–9]. The basic bismuth molybdate Bi2MoO6 has three
polymorphic modiﬁcations [10]. The low temperature form (L(γ)-
Bi2MoO6) is a layered Aurivillius-type phase built of alternating
(Bi2O2)∞ and (MoO4)∞ layers, where the latter are composed of
MoO6 distorted octahedra [11]. At 843 K L(γ)-Bi2MoO6 transforms
reversibly into the intermediate Aurivillius-type phase I(γ″)-
Bi2MoO6 with Mo–O layers consisting of MoO4 tetrahedra [12].
An irreversible phase transition from the I(γ″)-phase to the
H(γ′)-phase takes place at 877 K. The high temperature H(γ′)-
Bi2MoO6 form has a ﬂuorite-related network of cations with
inﬁnite channels of Bi–O polyhedra surrounded by MoO4 tetra-
hedra [13,14].
Bi-rich members of the Bi2O3–MoO3 system are less studied
compared to the Bi2MoO6-based compounds. The most interestingll rights reserved.
al Federal University named
Ave., 620000, Ekaterinburg,
skaya).compound in this part of the phase diagram is Bi26Mo10O69−δ
[15,16], which is isostructural to Bi(Bi12O14)Mo4VO20 [17]. It con-
sists of inﬁnite (Bi12O14)n8n+ columns, surrounded by (Mo,V)O4
tetrahedra and isolated Bi atoms. Substitution of Mo and Bi by
metals (Ca, Sr, Ba, Pb, W, V, etc.) was studied in several works
[17,18]. Bi26Mo10O69−δ and solid solutions are promising one-
dimensional oxygen ion electrolytes and the substitution leads to
a signiﬁcant change of conductive properties both for better and
for worse in comparison with the values of the electroconductivity
of the parent compound.
The present work is devoted to the synthesis and the structural
characterization of cobalt-substituted bismuth molybdates, and to
establishing the relation between structural features and electr-
conductive properties of the obtained compounds. Substitution of
bismuth and molybdenum is made possible by the closeness of the
ionic radii of Co, Bi, and Mo in different coordinations: rBi¼1.17 Å,
rCo¼0.9 Å when the coordination number (c.n.) is equal to 8, and
rCo¼0.58 Å, rMo¼0.41 Å when c.n.¼4 [19].2. Material and methods
In the present work the Bi1−хCox[Bi12O14]Mo5O207δ (x¼0.1–1,
Δx¼0.1) and Bi[Bi12O14]Mo5−yCoyO207δ (y¼0.2, 0.4) complex
oxides were synthesized. Polycrystalline samples were prepared
by solid-state reaction with Bi2O3(99.9%), MoO3 (99.5%) and Co3O4
Z.A. Mikhailovskaya et al. / Journal of Solid State Chemistry 204 (2013) 9–1510(97.5%) taken as starting compounds. Stoichiometric mixtures of
initial oxides were thoroughly ground in an agate mortar, placed in
alumina crucibles and annealed at temperatures in the range
T¼673–1123 K. The annealing temperature was increased step-
by-step every 10 h with intermediate cooling and regrinding of the
powders at each step. The phase composition of the obtained
powders was monitored by X-ray powder diffraction (Bruker D8
ADVANCE, CuKα, VÅNTEC1, Ni-ﬁlter). The crystal structures of the
compounds Bi0.8Co0.2[Bi12O14]Mo5O207δ and Bi[Bi12O14]Mo4.8
Co0.2O207δ were reﬁned using the Rietveld method [20] in the
TOPAS (Bruker) software packages [21,22] with PbBi12Mo5O34 and
Bi13Mo5O34.57δ [15,23] as starting models, respectively. Neutron
powder diffraction patterns were collected on the D7A diffract-
ometer (λ¼1.5277 Å) at IVV-2M (Zarechnyi, Russia) in the 2θ range
1.301–126.001 with a step of 0.051 and used to reﬁne the positions
of the oxygen atoms.
The grain size of the powders was estimated by a nanoparticle
size analyzer (Shimadzu SALD-7101). Differential thermal analysis
was performed on a STA 409 PC Luxx Netzsch thermoanalyzer in
the temperature range 290–1070 K with alumina as a standard.
The conductivity measurements were carried out in the tempera-
ture range 1070–470 K using Elins Z-2000 and Elins Z-3000
impedance spectrometers. For this purpose the powders were
pressed into pellets, annealed at 1190 K during 24 h and covered
with platinum. The morphology of the obtained powders and their
chemical composition were studied using a Gemini Zeiss scanning
electron microscope (SEM) equipped with a X-max 50 mm2
SDD energy dispersive X-ray (EDX) detector. Chemical analysis of
the samples was realized by atomic emission spectral analysis of
dissolved powders of bismuth molybdates at ICAP 6500
(Thermo Sci).
The transmission electron microscopy (TEM) study was per-
formed using a FEI (S)TEM Titan 80–300 microscope, operated at
300 kV. For the TEM study an ethanol suspension of the
Bi12.8Co0.2Mo5O347δ sample was prepared and kept in an ultra-
sonic bath for 5 min and then a drop of this suspension was put
onto a holey carbon ﬁlm supported on a Cu grid.Table 23. Results and discussion
3.1. Structure
At x≤0.2 the Bi1−хCox[Bi12O14][MoO4]5 solid solution based on
the Bi13Mo5O34.57δ structure type, in the following referred to as
B13, is observed. At 0.2oxo1 a mixture of the B13 phase and a
solid solution based on the orthorhombic L(γ)-Bi2MoO6 modiﬁca-
tion (Sp. gr. Pca21, a¼5.5019(2) Å, b¼16.2449(7) Å, c¼5.5237(1) Å)
is formed. At x¼1, a homogeneous powder of Co[Bi12O14][MoO4]5
oxide is obtained. It is isostructural to the Bi2Mo5/6Co1/6O6−δ
bismuth molybdate, and therefore belongs to the family of
L(γ)-Bi2MoO6 related compounds. Table 1 shows the change of
the unit cell parameters of Bi1−хCox[Bi12O14][MoO4]5, x≤0.2 with
increasing x. A smooth change of the a, c and β parameters
continues up to x¼0.2, the b parameter does practically notTable 1
Dependence of the unit cell parameter of Bi1−хCox[Bi12O14][MoO4]5 on x.
Compound Bi1−хCox[Bi12O14][MoO4]5 Unit cell parameters
a, Å b, Å c, Å β, 1
Bi[Bi12O14][MoO4]5 11.790 5.801 24.706 102.8
Bi0.9Co0.1[Bi12O14][MoO4]5 11.767 5.801 24.698 102.5
Bi0.8Co0.2[Bi12O14][MoO4]5 11.723 5.796 24.699 102.1change because of the inﬂexibility of the (Bi12O14)n8n+ structure
elements arranged along the y axis.
The ratios of the metal elements obtained from EDX measure-
ments of 20 grains of the Bi12.8Co0.2Mo5O347δ sample were found
to be Bi12.52(07)Co0.19(01)Mo5.00(04) which is in a good agreement
with the nominal composition and the chemical analysis data
(Table 1 in the Supplementary Material). The variations in the
cobalt content from grain to grain can be attributed to both the
usually much higher error of EDX analysis for low concentrations
of elements and to the inhomogeneous distribution of Co in the
sample.
The Bi[Bi12O14]Mo5−yCoyO207δ solid solution exists up to
y¼0.2. Increasing the dopant concentration leads to the formation
of the H(γ′)-Bi2MoO6 phase and a Bi38Mo7O78-based solid solution
or mixtures of different bismuth molybdates.
The compositions Bi12.8Co0.2Mo5O347δ and Bi13Mo4.8-
Co0.2O347δ from each solid solution were selected for a detailed
crystal structure study.
XRPD pattern obtained with high resolution data collection
were used for reﬁning structures. At the Bi12.8Co0.2Mo5O347δ
XRPD pattern a small amount (∼0.1%) of H(γ′)-Bi2MoO6 (monocl)
was detected. Related to this impurity parts of the XRPD spectrum
were excluded from the calculation. Presence H(γ′)-Bi2MoO6 was
not observed by the electron microscopy, but it can explain small
deviation of composition of Bi12.8Co0.2Mo5O347δ from the theore-
tical formula, as was detected by EDX-analysis indicated above.
An analysis of systematically absent reﬂections in the XRPD
pattern of Bi12.8Co0.2Mo5O347δ indicates a P2/c space group.
PbBi12Mo5O34 was used as a starting model for the crystal
structure reﬁnement. The details of the reﬁnement, reﬁned atomic
coordinates and temperature factors for Bi12.8Co0.2Mo5O347δ are
given in Tables 2 and 3 and Fig. 1. The ﬁnal structure is represented
in Fig. 2. A decrease of the a, с and β unit cell parameters in
comparison with the parent is observed. The same tendency also
occurs in some other bismuth molybdates with the B13 crystal
structure type, for example PbBi12Mo5O34 [23]. This phenomenon
can be explained either by the smaller radius of cobalt or by the
absence of the ns2 isolated electron pair in the cobalt atom.
Selected area electron diffraction (SAED) patterns were indexed
in a monoclinic unit cell with parameters: a≈ 11.9 Å, b≈5.84 Å,
c≈24.8 Å, β≈102.31, which is in agreement with the XRPD data. The
analysis of the extinction conditions (h 0 l: l¼2n; 0 0 l: l¼2n)
point towards two possible space groups: Pn (7) and P2/n (13). The
appearance of the forbidden reﬂections 0 0 l (l¼2n) on the [1 0 0]n
pattern is due to double diffraction; this is seen by the fact that the
reﬂections disappear when rotating the crystal away from the
perfect orientation around this axis (Fig. 3). Weak lines of diffuse
scattering along the cn direction observed in most of the SAED
patterns indicate the presence of disorder in this compound.
A high-resolution transmission electron microscopy (HRTEM)
image of Bi12.8Co0.2Mo5O347δ obtained along the [0 1 0] axis is
shown in Fig. 4, the intense white reﬂections correspond to the
voids in the structure; this is conﬁrmed by the simulated image.Crystal data for Bi12.8Co0.2Mo5O347δ and Bi13Mo4.8Co0.2O347 δ.
Bi12.8Co0.2Mo5O347δ
Space group P2/c
Unit cell parameters a¼11.7226(6) Å
b¼5.7959(2) Å
c¼24.6994(11) Å
β¼102,.08(1)1
Unit cell volume (Å3) 1640.92(2)
Formula units, Z 2
Table 3
Fractional atomic coordinates and isotropic temperature factors for Bi12.8Co0.2Mo5O347δ.
Atom Site x y z Occupancy Biso
Bi1 4g 0.0410(2) 0.4116(4) 0.3270(1) 0.96(2) 0.59(8)
Bi2 4g 0.1614(2) –0.0873(4) 0.2450(1) 0.99(2) 0.73(8)
Bi3 4g 0.2424(2) 0.0043(5) 0.4003(1) 0.99(2) 0.75(7)
Bi4 4g 0.3599(2) 0.4955(5) 0.3225(1) 0.98(2) 0.81(7)
Bi5 4g 0.2718(2) 0.4941(6) 0.1587(1) 0.99(2) 0.82(7)
Bi6 4g 0.0811(2) 0.0010(5) 0.0913(1) 1.00(2) 0.75(7)
Bi7/Co 4g 0.5173(8) 0.4655(1) 0.0112(3) 0.38/0.12(1) 0.95(8)
Mo1 2f 0.5 0.0130(16) 0.25 0.95(3) 0.94(7)
Mo2 4g 0.1645(4) 0.5104(10) 0.4887(2) 0.96(2) 1.11(16)
Mo3 4g 0.4239(4) 0.0004(10) 0.0777(2) 0.96(2) 1.02(16)
O1n 2f 0 0.246(8) 0.25 0.79(4) 0.30(9)
O2n 2f 0 –0.256(7) 0.25 0.72(4) 0.30(9)
O3n 4g 0.245(2) 0.256(3) 0.339(1) 0.99(4) 0.71(11)
O4n 4g 0.227(2) 0.753(3) 0.335(1) 0.84(4) 0.25(7)
O5n 4g 0.267(2) 0.591(3) 0.242(1) 0.73(3) 0.59(10)
O6n 4g 0.134(2) 0.757(4) 0.146(1) 0.93(4) 0.98(14)
O7n 4g 0.138(2) 0.236(3) 0.150(1) 0.97(4) 1.07(17)
O8n 4g 0.069(2) 0.041(3) 0.361(1) 0.97(3) 1.44(22)
O9n 4g 0.426(4) 0.240(7) 0.230(2) 0.30(2) 0.84(21)
O10n 4g 0.378(2) 0.171(4) 0.241(1) 0.71(2) 0.84(21)
O11n 4g 0.510(3) –0.066(7) 0.174(2) 0.43(2) 0.98(13)
O12n 4g 0.466(2) –0.173(3) 0.179(1) 0.73(2) 0.98(13)
O13n 4g 0.400(2) 0.100(3) 0.010(1) 0.99(3) 1.33(27)
O14n 4g 0.294(2) –0.014(4) 0.101(1) 0.96(4) 1.25(21)
O15n 4g 0.470(2) –0.272(3) 0.074(1) 0.99(4) 1.01(15)
O16n 4g 0.541(2) 0.189(4) 0.094(1) 0.79(4) 0.88(12)
O17n 4g 0.255(1) 0.581(3) 0.550(1) 0.92(3) 1.24(23)
O18n 4g 0.287(1) 0.420(3) 0.455(1) 1.00(3) 0.98(12)
O19n 4g 0.107(25) 0.766(3) 0.464(1) 1.00(3) 1.29(21)
O20n 4g 0.080(2) 0.265(3) 0.485(1) 1.00(3) 0.91(19)
RB¼1.901 (6.158)n, Rexp¼1.90 (1.65)n, Rwp¼4.01 (4.32)n, Rp¼2.96 (3.28)n, χ2¼2.12 (2.62)n.
n Neutron powder diffraction data.
Fig. 1. Measured and calculated diffraction XRPD pattern, the difference curve, and line diagram for a Bi12.8Co0.2Mo5O347 δ sample calculated on the assumption of
monoclinic space group P2/c. In inset, fragment of the XRPD pattern with magniﬁcation along axis y.
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positions of the oxygen atoms. Signiﬁcant changes in molybde-
num–oxygen polyhedra were observed. In contrast to the structure
of the parent compound Bi13 which consists of symmetric regular
tetrahedra, the structure of the cobalt-doped molybdate consists
of distorted octahedra and tetrahedra. Distortions of the Mo–O
polyhedra are not equivalent for different molybdenum positions.
The coordination of the Mo3 atoms is ﬁxed because of the close
contact with the [Bi12O14]n8n+ columns. In contrast, Mo1 and Mo2
form oxygen polyhedra which are weakly connected with
[Bi12O14]n8n+ columns, and thereby the positions of these oxygen
(O10, O11, O12, O17, O18, O19, O20) atoms are more variable. This
allows the formation of different coordination polyhedra aroundMo1 and Mo2 atoms: tetrahedral, distorted octahedral and asym-
metric triangular pyramidal (which can be described as an
octahedron with one epical and one axial oxygen vacancy). As
a result such structural ﬂexibility is responsible for the increase of
the quantity of structural oxygen vacancies (or vacant interstitial
site of oxygen) or increase of oxygen vacancies mobility, which
improves the electrical conductivity of these compounds (Table 4).
The XRPD pattern of Bi13Mo4.8Co0.2O347δ has been indexed in a
monoclinic unit cell, P2/c space group, with parameters:
a¼11.7171(6) Å, b¼5.7924 (1) Å, c¼24.7405(10) Å, β¼102.68(1)1,
V¼1631.33(02) Å3 (RB¼2.01, Rexp¼2.60, Rwp¼3.53). Characteristic
changes of the a, c, β values as compared with the parent
compound are also observed. Bi13Mo5O34.57δ (B13) was used as
Fig. 2. Projection of the Bi12.8Co0.2Mo5O347δ crystal structure onto the ac plane: grey spheres in "roses" are Bi atoms, double spheres are Bi/Co atoms, dark grey spheres are
oxygen atoms, polyhedra are the MoO4 units.
Fig. 3. Selected area electron diffraction patterns of Bi12.8Co0.2Mo5O347 δ recorded along the [0 1 0]n and [1 0 0]n axis.
Fig. 4. [0 1 0] HRTEM image of Bi12.8Co0.2Mo5O347δ. The simulation for a defocus
of −17 nm and a thickness of 4.7 nm was done using the crystal structure model
obtained from the XRPD study; it is indicated by a white border. A model structure
is shown at the lower left corner (Bi and O atoms are shown as spheres, tetrahedra
correspond to the MoO4 units).
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substitution of molybdenum by cobalt are not detected in this case
because of low quantity of atoms of cobalt per one atom of
molybdenum (0.2 Co:4.8 Mo atoms¼0.041, simultaneously cobalt
substituted bismuth provides to relationship: 0.2 Co:1 Bi atom).
A comparison of the unit cell parameters with the data of
Bastide et al. [24] shows similarity of the obtained values with
those for Mg-doped bismuth molybdate (Bi13Mo4.75Mg0.25O347δ),
which can be explained by the closeness of the ionic radii of Mg
and Co (rCo¼0.58 Å, rCo¼0.57 Å [19]) in tetrahedral coordination.
It could also be an indication of the low valence state (+2) of the
cobalt atoms.
However, formal substitution of molybdenum or bismuth by
cobalt is considered to be a more complex process, which can
include a substitution of the isolated bismuth atoms by cobalt with
subsequent replacement of molybdenum atoms by the very same
bismuth atoms. This process is possible due to the formation of the
distorted [BiO3E] tetrahedra in the structure of doped bismuth
molybdates (E is the 6s2 isolated electron pair of bismuth [17,24]).
In the Bi13 parent compound, where bismuth atoms have octa-
hedral coordination, the [BiO3E] tetrahedra are absent. But in
substituted bismuth molybdate polyhedron [BiO3E] can be present.
Table 4
Selected interatomic distances for Bi12.8Co0.2Mo5O347δ.
At.1 At.2 d12, Å At.1 At.2 d12, Å At.1 At.2 d12, Å
Bi1 – O1 2.09 Bi4 – O4 2.31 Bi7/Co – O18 2.29
Bi1 – O8 2.31 Bi4 – O14 2.78 Bi7/Co – O15 2.32
Bi1 – O7 2.49 Bi4 – O11 2.79 Bi7/Co – O15 2.42
Bi1 – O3 2.51 Bi4 – O12 2.51 Bi7/Co – O13 2.53
Bi1 – O2 2.68 Bi5 – O7 2.15 Bi7/Co – O18 2.85
Bi2 – O2 2.16 Bi5 – O5 2.15 Mo1 – O10 1.60
Bi2 – O5 2.25 Bi5 – O6 2.19 Mo1 – O11 1.68
Bi2 – O4 2.39 Bi5 – O9 2.68 Mo1 – O12 2.03
Bi2 – O6 2.56 Bi5 – O10 2.69 Mo2 – O19 1.68
Bi2 – O1 2.72 Bi5 – O17 2.85 Mo2 – O17 1.70
Bi3 – O8 2.07 Bi6 – O6 1.97 Mo2 – O20 1.73
Bi3 – O4 2.15 Bi6 – O7 2.01 Mo2 – O18 1.87
Bi3 – O3 2.10 Bi6 – O8 2.31 Mo3 – O15 1.67
Bi3 – O19 2.73 Bi6 – O14 2.45 Mo3 – O16 1.74
Bi4 – O3 2.04 Bi6 – O19 2.70 Mo3 – O13 1.74
Bi4 – O5 2.12 Bi6 – O20 2.82 Mo3 – O12 1.74
Fig. 5. SEM image of bismuth molybdates pellets split of the Bi12.8 Co0.2Mo5O347δ: surface and interior.
Fig. 6. The typical form of the complex plane plots for Bi13Mo4.8Co0.2O347δ at low (a) and high temperatures (b).
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IR spectroscopy.
3.2. Conductivity and characteristics of the ceramic samples
The synthesized complex oxides can be used as materials for
electrochemical devices. The main requirements for these materi-
als are: the formation of the bulk ceramics with low thermal
expansion coefﬁcients, absence of phase transitions and high
values of the electrical conductivity in the range of operating
temperatures.
Changes in sample mass and thermal effects for the Bi13Mo4.8-
Co0.2O34−δ were studied by Differential Thermal analysis and
Differential Scanning Calorimetry in the 300–1120 K temperature
range. No phase effects were observed; it indicates the absence ofphase transitions and decomposition processes of complex oxides
in the above-mentioned temperature range in air, indicating
stability a monoclinic modiﬁcation. A dilatometer was used to
determine the thermal expansion coefﬁcient. The value of
1410−6 K−1 found for mentioned compound, which is typical
for ceramics. The absence of phase transitions in the sample has
been also conﬁrmed.
The particle sizes of the synthesized powders lie in the range of
1–10 μm. After the ﬁnal annealing of the powders pellets were
formed and annealed at 1123 K for 12 h. Scanning microscopy
shows essential grain growth. Large grains (about hundreds of
microns) and isolated spherical pores are seen in Fig. 5, indicating
the formation of bulk ceramics.
Two pieces of pellets were coated with platinum and subjected
to impedance spectroscopy in the range of 1123–523 K. Fig. 6
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different temperatures.
This shape of complex plane plots is typical for all studied
compositions. Equivalent electrical circuits for the processes taking
place over a certain temperature range were selected using the
Zview software (Version 2.6b, Scribner Associates, Inc.).
At relatively low temperatures (300–500 1C), one can see on the
complex plane plot a ﬁrst semicircle turning into a fragment of a
second semicircle, which turns into a line. The slope of this line is
close to 451. In the low-temperature region the circuit is a series
connection of resistances R1, R2, in parallel with the associated
elements CPE1, CPE2, and a shot Warburg diffusion element W1
(Fig. 7a). The CPE-like elements in the equivalent circuit are the
constant phase elements. The resistance R1 and the element CPE1
correspond to the bulk conductivity of the sample. Parallel con-
nection of R2 and CPE2 corresponds to the grain boundary
conductivity and the sum of R1 and R2 corresponds to the total
resistance of the sample. Thus, the conductivity of the polycrystal-
line sample at low temperatures was calculated according to the
R1+R2 value. The Warburg element Ws describes the processes at
the electrodes including diffusion and the electrochemical process
on the surface. The orders of magnitude for the CPE1 and CPE2
“capacitances” are equal to 10−11 and 10−6 F, respectively. Therefore
we can assign them to the grain boundary conductivity and the
electrochemical process, respectively [25].
When increasing the temperature, the processes of diffusion
and oxygen adsorption on the electrodes are simpliﬁed, and the
Warburg diffusion element disappears from the equivalent circuit
(Fig. 7b). This is why at moderate temperatures the complex plane
plots look like a semicircle of smaller radius, turning into a
semicircle of large radius (Fig. 6b).
At high temperatures the smaller semicircle can be described
by a/the R2 and CPE1 connection and corresponds to the grainFig. 7. Equivalent electrical circuits of electrochemical cells at: (a) low (498–823 K);
and (b) high (873–1098 K) temperature regions.
Fig. 8. Temperature (a) and concentration (b) dependences ofboundary conductivity. The semicircle of volume conductivity
disappears and the volume resistance is characterized only by
the value of R1. Thus, the sum of R1 and R2 characterize the total
resistance of the sample. The “capacitance” of CPE1 is about 10−11 F,
which is typical for oxide systems. Parallel connection of R3 and
CPE2 describes electrochemical processes at the electrodes, which
cannot be detected at low temperatures because of the domina-
tion of diffusion processes.
A signiﬁcant increase of the electrical conductivity for single-phase
doped compounds with respect to the matrix compound is revealed.
This phenomenon is well correlated with the theoretical increase of
oxygen vacancies shown by neutron diffraction studies. Concentration
and temperature dependences of electrical conductivity are presented
in Fig. 8a and b. It was found that substitution of molybdenum by
cobalt led to higher values of electrical conductivity than the substitu-
tion of the same quantity of bismuth by cobalt. Probably, the doping at
the molybdenum sublattice is more effective due to the transition of
isolated bismuth atoms into the molybdenum sublattice and the
formation of BiO3E tetrahedra. For example, Bastide et al. [26] assumed
that the isolated 6s2 electron pair of isolated bismuth atom prevents
oxygen diffusion and extraction of the atom from an isolated position
increases the electrical conductivity.
However, the increase of conductivity is a short-term effect, as
with an increase of dopant concentration the second phase
appears and a signiﬁcant decrease of the electrical conductivity
is observed. The values of activation energy and conductivity at
various temperatures for the studied bismuth molybdates and
certain materials are compared in Table 5. It is seen that in the
temperature range 670–770 K these materials can rival with
conventional oxygen-ion conductors. At the same time the high
quality of ceramics makes the investigated materials promising as
electrolytes for electrochemical devices.4. Conclusion
In this study, we have synthesized the cobalt-substituted
bismuth molybdates with general formulae Bi1−хCox[Bi12O14]electrical conductivity of substituted bismuth molybdates.
Table 5
The values of activation energy and conductivity for bismuth molybdates and
conventional oxide materials at various temperatures.
Compound −lg s700, S cm−1 −lg s350, S cm−1 Eakt, eV
Bi0.8Co0.2[Bi12O14]Mo5O207δ 2.24 3.87 0.52
Bi[Bi12O14]Mo4.8Co0.2O207δ 2.23 3.74 0.51
Ce0.8Gd0.2O1.9 [27] ∼1.9 ∼5 1.03
YSZ [28] ∼1–2 ∼3.5–4.5 ∼0.9–1.05
Z.A. Mikhailovskaya et al. / Journal of Solid State Chemistry 204 (2013) 9–15 15Mo5O207δ (x¼0.1–1, Δx¼0.1) and Bi[Bi12O14]Mo5−yCoyO207δ
(y¼0.2, 0.4) by conventional solid state technology. The solid
solutions exist up to x¼0.2 and y¼0.2 have monoclinic unit cell
(Sp.gr. P2/c). There were revealed changes of structure of solid
solutions in comparison to the structure of the parent compound
such as distortions of the Mo–O polyhedra. These variations of
structure lead to increase of electroconductivity values, measured by
impedance spectroscopy. Total c x onductivity of bismuth molybdates
are about 510−3 S cm−1 at 973 K and 1.710−4 S cm−1 at 623 K.Acknowledgments
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